Although reactive oxygen species (ROS) are better known for their harmful effects, more recently, H 2 O 2 , one of the ROS, was also found to act as a secondary messenger. However, details of spatiotemporal organization of specific signaling pathways that H 2 O 2 is involved in are currently missing. Here, we use single nanoparticle imaging to measure the local H 2 O 2 concentration and reveal regulation of the ROS response dynamics and organization to platelet-derived growth factor (PDGF) signaling. We demonstrate that H 2 O 2 production is controlled by PDGFR kinase activity and EGFR transactivation, requires a persistent stimulation, and is regulated by membrane receptor diffusion. This temporal filtering is impaired in cancer cells, which may determine their pathological migration. H 2 O 2 subcellular mapping reveals that an external PDGF gradient induces an amplification-free asymmetric H 2 O 2 concentration profile. These results support a general model for the control of signal transduction based only on membrane receptor diffusion and second messenger degradation.
INTRODUCTION
The organization in space and time of signaling pathways is an important element of signal processing and cell response formation. Reactive oxygen species (ROS) such as H 2 O 2 are second messengers in numerous systems Kamata et al., 2005; D'Autré aux and Toledano, 2007; Rhee, 2006; Owusu-Ansah and Banerjee, 2009) and are implicated in migration either in normal situations Andrae et al., 2008) , such as reparation of vascular lesions Andrae et al., 2008; Myllä rniemi et al., 1999) , or in fibrotic (Andrae et al., 2008) or tumoral contexts (Anastasiou et al., 2011; Andrae et al., 2008; Dhar et al., 2010; Abouantoun and MacDonald, 2009 ). The ability of second messengers to transduce asymmetric extracellular signals to trigger oriented cell motililty is a fundamental question. Although this question has been addressed in the case of Ca 2+ signaling (Henley et al., 2004; , no data are available for the spatiotemporal organization of ROS signaling. The local ROS concentration results from the interplay of (1) production by NADPH oxidase (NOx) proteins following complex mechanisms ; (2) degradation by specialized enzymes or consumption for signaling purposes (Rhee, 2006) ; and (3) diffusion in the cytoplasm, according to an undetermined balance.
Vascular smooth muscle cells (VSMCs) respond to endothelin-1 (ET-1) and platelet-derived growth factor (PDGF) activating their respective receptors ET A and PDGF receptor (PDGFR), respectively, by contraction (Turner et al., 1989) or by proliferation and migration (Andrae et al., 2008) . These responses are, in both cases, mediated by the production of intracellular H 2 O 2 (Daou and Srivastava, 2004; Kreuzer et al., 2003; Sundaresan et al., 1995; Banes-Berceli et al., 2005) . We focused on PDGF pathway-a powerful chemotactic growth factor not only for VSMCs but also for a number of tumoral cells (Heldin and Westermark, 1999; Okada et al., 2012; Weima et al., 1990; Hellberg et al., 2010) -for which no quantitative observations of intracellular H 2 O 2 support a comparison between normal and tumoral phenotype. PDGF stimulation causes PDGFR dimerization (Heldin and Westermark, 1999) , leading to NOx protein activation through complex mechanisms involving PDGFR kinase activity (Chen et al., 2007) or direct coupling to G proteins (Kreuzer et al., 2003) . Moreover, the existence of crosstalks between different signaling pathways-i.e., the transactivation of a second pathway by the specific activation of a first signaling cascade-has been sporadically reported, notably between PDGFR and epidermal growth factor receptors (EGFRs), probably through heterodimerization (Saito et al., 2001) . The contributions of transactivations to the total cell response and their role in the control of its dynamics have, however, not been documented.
Here, we used a method based on the imaging of rare-earth doped nanoparticles ) to probe quantitatively and dynamically the local H 2 O 2 concentration. The luminescence of YVO 4 :Eu nanoparticles is indeed modulated by the oxidant level, and its measurement provides a unique, quantitative, space-and time-resolved detection of intracellular H 2 O 2 concentration , in contrast to organic sensors such as dichlorofluorescein or boronate-based probes (Lippert et al., 2011), which are not reversible and do not provide time resolution, and in contrast to genetically encoded sensors (Belousov et al., 2006) , which have a limited dynamic range and may require ratiometric methods (Bilan et al., 2013) to obtain reliable measurements. Moreover, the nanoparticle consumption of H 2 O 2 in the cell is negligible (Supplemental Information available online). Due to their size, they could possibly introduce perturbations to the cell physiology, but no such effect has been observed so far. These nanoparticles are not specific H 2 O 2 sensors: however, we detected only H 2 O 2 in cells as demonstrated by several control experiments, notably NOx and NO-synthase inhibitions (Supplemental Information; Figure S2 ) . Complementary approaches based on carbon nanotubes measure the H 2 O 2 efflux (Kim et al., 2011; Jin et al., 2010) . However, the detection of intracellular H 2 O 2 concentrations is the most relevant for the determination of the cell response, which led us to use single internalized nanoparticle imaging to investigate spatiotemporal patterns of ROS production.
RESULTS
Response to PDGF and ET-1 By imaging Y 0.6 Eu 0.4 VO 4 nanoparticles internalized in VSMCs stimulated by saturating concentrations (Graves et al., 1996; Wiley and Davenport, 2004 ) of the PDGF BB isoform (PDGF-BB) (100 ng/ml À1 ; i.e., 4 nM) or of ET-1 (270 nM), we quantitatively compare the oxidant response to each kind of stimulus (Figures 1A and 1B) . The method for obtaining absolute H 2 O 2 concentrations from luminescence measurements is described briefly in Experimental Procedures and in our previous work . Although this method is not H 2 O 2 specific, we exclusively detect ROS under the H 2 O 2 form in these experiments, as explained in the Supplemental Information . We measure the H 2 O 2 concentration by averaging the luminescence signal for typically five to ten nanoparticles in each cell. We then independently repeat the experiment three to five times with different cell cultures and average the nanoparticle signal for the different cells. Unless indicated otherwise, the number of cells for each condition is the number of independent single cell experiments. We then obtain the average H 2 O 2 concentration as explained in Experimental Procedures and in the Supplemental Information (Figures S1 and S2) ). In the whole article, the indicated error for the average ROS concentration is the SEM resulting from single nanoparticle variability inside each cell (see Supplemental Information and Figures S1 and S4) and intercellular dispersion (Figure S1) and is dominated by the latter. The intracellular H 2 O 2 concentration in steady state after a continuous stimulation is comparable: 7.4 ± 0.7 mM (three cells) for ET-1 and 7.1 ± 0.5 mM (five cells) for PDGF, with no significant intracellular variability detected by different nanoparticles in the cytosol ( Figure S4 ), as reported elsewhere (Casanova et al., 2009). However, the dynamics of the concentration increase are significantly different: whereas the H 2 O 2 concentration rises immediately after applying the ET-1 stimulation with a characteristic time (see Experimental Procedures), T ET-1 = 2.1 ± 0.6 min, the buildup of the response under PDGF stimulation requires over 10 min (T PDGF = 14.8 ± 0.5 min) ( Figures 1A and 1B ). This reveals different mechanisms for ROS production in the activation of the receptors and/or of NOx proteins. The measured concentration at a given time thus results from the fine tuning between receptor and/or NOx activation and effective deactivation due to receptor endocytosis after stimulation (Pahara et al., 2010) and H 2 O 2 diffusion and degradation (Rhee, 2006) .
In the case of ET-1, the H 2 O 2 elevation rate-i.e., the ROS concentration elevation per time unit d½H 2 O 2 =dt under a constant stimulation-is maximal at the beginning of the stimulation and constantly decreases with time ( Figure 1C , bottom). This behavior can be explained by a model in which the ROS concentration temporal profile is the balance between a constant H 2 O 2 production rate, S ET À 1 , and degradation with a first-order kinetics:
This model predicts a simple exponential response and is in good agreement with our experimental data. Fitting the experimental data with this model ( Figure 1C , bottom, dashed green line) yields a production rate, S ET À 1 = 2.4 ± 0.6 mM , min À1 , and a degradation rate, k ET À 1 = 0.33 ± 0.1 min À1 , consistent with a moderate peroxiredoxin (Kang et al., 1998) or catalaselike activity (Beers and Sizer, 1952) . A constant ROS production rate, stable immediately after the beginning of stimulation, reveals a fast activation of NOx proteins. This might be due to the facilitated activation of receptors and NOx colocalized in microdomains as reported for angiotensin signaling (Zuo et al., 2005) . In the case of PDGF stimulation, the H 2 O 2 elevation rate d½H 2 O 2 =dt at first increases and peaks after about 15 min of stimulation to finally decrease ( Figure 1C, top) . This reveals a slow reorganization either of the ligand detection system or of the ROS production system followed (>10 min) by the progressive deactivation of the system due either to an increasing degradation of ROS or to receptor inactivation and/or internalization. By assuming that the degradation depends only on ROS concentration and not on the production pathway, and is thus the same for ET-1 and PDGF stimulation, we obtained
where S PDGF (t) is the time-dependent ROS production. By solving this equation through standard computations (see Supplemental Information), we determined the instantaneous H 2 O 2 production rate S PDGF (t) in the case of PDGF stimulation (Figure 1D , blue circles). This reveals the progressive buildup of the oxidant response with a persistent production in the time range of our experiments. Without excluding other regulation pathways such as modulation of peroxiredoxin-like activity, we quantitatively account for this progressive buildup ( Figure 1D ) by hypothesizing that the ROS response is determined by a diffusion-limited dimerization of free receptors described by a numerical model presented in the Supplemental Information. Fitting our experimental data with this model, we obtain a diffusion coefficient of D = 0.11 mm 2 , s À1 ( Figure 1D , red curve), which is reasonable for a freely diffusing membrane protein (Edidin et al., 1994; Kusumi et al., 2005; Ljungquist-Hö ddelius et al., 1991) . The exact obtained value depends on our hypothesis of a stimulation-independent ROS degradation rate. However, a different rate after PDGF stimulation would not qualitatively affect our conclusion concerning the control of the ROS production kinetics by membrane receptor diffusion. Our model is thus reasonable to account for the experimental data: the balance between diffusion-limited activation of PDGFRs, S PDGF (t), is sufficient to explain the observed oxidant response kinetics. This indicates that the kinetics of the oxidant response saturation may not be controlled by receptor inactivation or recycling but by ROS degradation only. This would imply that both receptor recycling and NOx inactivation occur at longer time scales (>30 min).
EGFR Transactivation
Transactivation of EGFRs with specific mechanisms has been reported under stimulations by G protein-coupled receptors, such as ET A (Chansel et al., 2006) , or receptor tyrosine kinases (RTKs), such as PDGFR (Saito et al., 2001) . By application of a specific EGFR kinase inhibitor (AG1478; see Experimental Procedures), we probe the modifications of the ROS production under stimulation by ET-1 or PDGF. In both cases, we observed a decrease of the ROS concentration in the steady state down to 5.4 ± 0.6 mM and 3.8 ± 0.5 mM for ET-1 and PDGF stimulation, respectively ( Figures 1E and 1F , respectively, for n = 3 and 5 independent experiments). This demonstrates transactivation of EGFRs, whose inhibition diminishes, respectively, by 26% ± 15% and 44% ± 10% the total response to ET-1 and PDGF stimulations.
In the case of ET-1 stimulation, the initial dynamics of the response after EGFR inhibition is unchanged ( Figure 1E ), with a decreased sensitivity. This reveals that the initial event leading to ROS production is the direct NOx activation by ET-1 receptors. In the case of PDGF stimulation, however, the H 2 O 2 production after EGFR inhibition is dramatically slowed down (T PDGF = 29.1 ± 0.4 min; Figure 1F ), which indicates that EGFR transactivation is the first event leading to ROS production. Since mechanisms of heterodimerization have been proposed for the crosstalk between EGFR and PDGFR (Saito et al., 2001) , we can assume that the response timing is controlled by the density and the diffusion dynamics of the receptors at the cell membrane. In addition, the inhibition of EGFR kinase causes a depletion of the available receptor pool (EGFR and PDGFR) by forming inactive heterodimers and consequently slowing down the response. This is consistent with results obtained for epidermal growth factor (EGF) signaling, in which EGFR inhibition by AG1478 results in the formation of inactive dimers (Gan et al., 2007) . The faster EGFR-dependent ROS production on PDGF stimulation might furthermore be due to a different organization at the membrane of PDGFRs and EGFRs, leading to a facilitated NOx activation by EGFRs.
H 2 O 2 Response in HeLa Cells
We then probed the response to PDGF (Figure 2A ) in tumoral HeLa cells (coming from a biopsy of a cervical tumor) known to constitutively express PDGFRs (Woo et al., 2007; Fukumoto et al., 2011) . As in VSMCs, we observed a saturating elevation of ROS concentration ( Figure 2B) , with a peak in sensitivity after a few minutes ( Figure 2C ). However, consistently with the high PDGFR expression observed in cervical tumors (Mayer et al., 2000) , the intracellular H 2 O 2 concentration in the steady state under PDGF stimulation is significantly higher (p < 0.01, Kolmogorov-Smirnov test [KS test]): 16.1 ± 0.5 mM, and this response is faster (T = 11.9 ± 0.5 min). EGFR inhibition with AG1478 slows down the response significantly (T = 14.0 ± 0.8 min) but less dramatically than in normal VSMCs. The response to a saturating EGF concentration appears to be even faster (T = 8.4 ± 0.4 min). Inhibition of PDGFR kinase activity by AG1295 (Kovalenko et al., 1994) causes a 52% ± 5% lower response after 50 min without change at short times ( Figure 2B ), which clearly displays that PDGFR kinase activity contributes to the ROS production. EGFR activation is thus PDGFR kinase activity independent, which indicates that EGFR transactivation occurs at an initial step of signal transduction. Altogether, these elements point to a similar ROS production mechanism in tumoral and normal cells, causing a delay before ROS production after stimulation ( Figure 2C ), with kinetics determined by the diffusion-limited receptor homo-and heterodimerization. The fast kinetics in HeLa cells can be explained by the high PDGFR expression in cervical tumors (Mayer et al., 2000) . The relative receptor density at the membrane may thus be a regulation element of the ROS response kinetics.
Dependence on PDGF Concentration
To further probe the control of ROS response, we performed PGDF-BB stimulation in HeLa cells at subsaturating concentrations. A significant response was detected between 2 and 100 ng , ml À1 ( Figure 3A) . By observing the dependence of the steady-state response to stimulus concentration ( Figure 3A ), we measured the effective dissociation constant-i.e., the PDGF concentration required to obtain half of the maximal ROS response-of the PDGF detection system, K D = 4.2 ± 0.4 ng , ml
À1
. The Hill coefficient close to 1 (n = 1.4 ± 0.2) obtained by fitting the response with the Hill equation ( Figure 3A ) indicates the absence of cooperativity in the PDGF-dependent ROS production. Moreover, the response kinetics is independent of the external PDGF concentration ( Figure 3B ). This reveals that the delayed ROS production is not due to the biochemical properties of the interactions in the cascade; i.e., the delayed ROS production is not due to a nonlinearity in the reaction scheme leading from PDGFR activation to ROS production. If that were the case, a change in the ligand concentration would affect the reaction rates, which is not what we observed. The control of the response is thus more likely due to a spatial reorganization of the transduction pathway, such as diffusion-limited receptor dimerization, as suggested earlier.
It has been reported that the organization of membrane receptors and NOx proteins in microdomains regulate the ROS production, notably in the case of EGFR transactivation after angiotensin stimulation (Clempus and Griendling, 2006; Zuo et al., 2005) . More generally, the recruitment of RTK receptors in microdomains is furthermore essential for the regulation of their signaling pathways (Irwin et al., 2011) . In order to test whether any such effect was involved in PDGFR activation and ROS dynamics production, we tracked single fluorescent nanocrystal (QDot)-labeled PDGFRs in the membrane of HeLa cells and revealed that they were freely diffusing both with and without stimulation (C.I.B., R.R., and A.A., unpublished data). This demonstrates that they are not organized in microdomains, neither spontaneously prior to stimulation nor after PDGF stimulation. This fact supports our model of PDGFR activation being limited by freely diffusing receptor dimerization.
Asymmetric PDGF Stimulation
Under asymmetric PDGF stimulations, i.e., external PDGF concentration profiles in which the concentration is different at opposite extremities of the cell, different cell types are able to migrate by chemotaxis toward a PDGF source Seppä et al., 1982 ). An intracellular gradient of second messenger, therefore, has to be maintained for durations longer than several minutes to induce migration. However, the spatial organization of ROS inside the cytoplasm has not been measured so far. In cells submitted to a homogeneous PDGF stimulation, the ROS local concentration does not depend on the position inside the cell according to an identified pattern with an intracellular variation inferior to 1 mM ) ( Figure S4 ). This implies that ROS are not trapped in specific compartments but more likely diffuse-freely or not-in the cytoplasm.
We then cultured HeLa cells for several days in T-shaped microchannels, through which PDGF-controlled gradients, able to trigger migration in the direction of high PDGF concentration after 2 hr at $5 mm , hr À1 (three independent experiments in glucose-rich medium; Experimental Procedures), were created (Figures 4A and 4B; Experimental Procedures). In contrast, the stimulation by a homogeneous PDGF concentration was unable to induce migration (Experimental Procedures). We imaged internalized nanoparticles during 30 min with a spatial $30 nm accuracy ( Figure 4B ) to measure the local ROS concentration inside these cells submitted to a PDGF gradient of controlled shape (Experimental Procedures). The location of the observed cells was chosen in such a way that the PDGF concentration between the two sides of the cell varies from 0 to $10 ng , ml À1 . In our conditions, shear stress is sufficiently low to elicit no ROS response ( Figure S3 ). During all nanoparticle imaging experiments led in Hank's balanced salt solution (HBSS)-HEPES buffer, cells remain static in the gradient, with an average displacement less than 1 mm. Under this asymmetric stimulation, we revealed significant anisotropies in the ROS intracellular concentration by comparing the average concentration in the proximal part of the cells (side exposed to high PDGF concentration) to that in their distal part (exposed to low concentration, p < 0.01, KS test) ( Figure 4C ), in contrast to cells stimulated by a homogeneous PDGF bath, where no significant anisotropies were detected ( Figure S4 ). Under continuous stimulation, an asymmetry in intracellular H 2 O 2 concentration is thus maintained within the cell. We moreover determined the local concentration as a function of the absolute position (see Experimental Procedures) in the PDGF gradient after 30 min stimulation ( Figure 4D ). We observed a direct correspondence between the local PDGF concentration and the local intracellular H 2 O 2 concentration. As expected from our homogeneous stimulation experiments ( Figure 3B ), no difference in the kinetics of ROS production was observed. The cell thus produces a mapping of the external stimulus in the cytoplasm (Figure 4D) by maintaining a local H 2 O 2 concentration proportional to the local stimulation. This demonstrates the absence of amplification processes between PDGFR activation and ROS production and the existence of mechanisms maintaining ROS asymmetries in the cytoplasm despite the diffusion-induced homogenization.
DISCUSSION
Our results provide an insight into the dynamics of the oxidant response formation and lead us to propose mechanisms for its kinetics and the maintenance of intracellular spatial patterns induced by chemical cues.
First, different stimulations can cause the production of the same second messenger (ROS) but with a specific dynamics, which may determine specific physiological responses.
Second, we revealed that transactivation of EGFR is the initial event in the PDGF signaling cascade. The difference in transactivation dynamics are likely due to the different transactivation mechanisms through heterodimerization for PDGF (Saito et al., 2001 ) and through cleavage of heparin-binding EGF for ET-1 stimulation (Chansel et al., 2006) . Our results show that EGFR transactivation is used by the cell for the regulation of both the quantity and kinetics of ROS production. The control of this process-for instance, through the tuning of receptor density at the membrane-might determine the nature of the cell response in an in vivo context with simultaneous multiple stimulations. The production of specific messengers in the cell but, equally important, the temporal profiles of this production are thus likely to shape the cell response specificity.
Third, we demonstrated delayed cell sensitivity to PDGF, compared to an ET-1-induced response that is PDGF concentration independent and is likely related to a spatial reorganization of the signaling cascade. This could constitute an intrinsic method of temporal filtering for the cell: the requirement of a continuous stimulation to enhance the cell sensitivity could be a way to eliminate the contribution of transient stimuli. This property should be of major physiological interest for migrating cells to increase the robustness of chemotaxis-i.e., its resistance to undesired migration due to transient external signals-as reported in different systems (Bouzigues et al., 2010; Dehmelt and Bastiaens, 2010) . The difference between ET-1 and PDGF pathways is thus probably related to their physiological function: while ET-1 triggers contraction acting at the single cell level, the PDGF-induced migration needs to be tightly controlled to avoid any undesired effect to the whole organ or organism. The difference between VSMCs and tumoral HeLa cells seems essential in this context: the faster response of HeLa cells implies a degraded temporal filtering and, consequently, a facilitated migration typical of metastatic cells. The relative level of expression of EGFRs and PDGFRs at the membrane and their diffusive properties could be the key for the control of this phenomenon by modulating the cell sensitivity to chemotactic gradients. Although HeLa cells are only a particular example of tumoral cells, this impaired cell response timing might provide a clue to understand metastatic transition. By considering (1) the response kinetics independence of PDGF concentration ( Figure 3B) ; (2) the dynamics difference between ET-1 and PDGF pathways, with a delay before ROS production in the case of PDGF, indicating their regulation by the first steps of the transduction cascade, i.e., the receptor activation; and (3) the shorter response time in tumoral HeLa cells, which likely have higher receptor density levels, we propose that the ligand-induced diffusion-limited PDGFR homo-and/or heterodimerization ( Figure 1D ; Supplemental Information) should be the limiting step for the dynamics of the ROS production in the PDGF pathway. The timing for ROS production would thus be determined by the time required for diffusive search for interaction of two EGFR or PDGFR monomers. We cannot completely exclude that this timing could be due to the NOx activation process. However, the kinetics difference between ET-1 and PDGF signaling, which both involve EGFR transactivation, suggests that the observed delay before ROS production after PDGF stimulation is due to the dynamics of the first steps of the signaling cascade. This strongly supports our hypothesis that PDGFR/EGFR activation is the limiting step in PDGF signaling.
The regulation properties of intracellular biochemical networks-and, notably, their temporal integration capacities-are essential for the cell physiological response and can be based either on the topology of the interaction networks or on spatial reorganization of the receptors involved (Kinkhabwala and Bastiaens, 2010) . Here, we propose a general mechanism, where the membrane dynamics of the receptors is the process responsible for the control of second messenger production. The main control parameter is thus the receptor density, creating either an intrinsic temporal filtering at low membrane density or an accelerated response in cells with high receptor expression levels.
Finally, we present a demonstration of the existence of a persistent intracellular H 2 O 2 gradient linearly matching the external PDGF migration-triggering gradient ( Figure 4D ). This internal gradient is only observed in cells subjected to a PDGF gradient that causes migration, which indicates that the formation of a ROS asymmetric profile is physiologically essential to trigger the migration response. This profile could result only from the degradation and diffusion balance of PDGF-induced ROS, but it could also be from the combination of the contributions of multiple pathways activated during migration. It has notably been reported that ROS production and integrin activation were tightly coupled in migrating cells (San Martín and Griendling, 2010) . Moreover, it was shown that mechanical changes could activate ROS through focal adhesion points or integrins (San Martín and Griendling, 2010; Koller, 2002; Lin et al., 2013) acting as mechanosensors. However, we observed no ROS production due to mechanical stimulation only ( Figure S3 ), and our observations take place at early times, before any remodeling leading to migration. Furthermore, the ROS concentration observed in the region of high PDGF concentration (10 ng , ml À1 ) in the gradient is similar to the measured concentration for a homogeneous stimulation with the same concentration. These elements indicate that, although integrin-induced ROS production cannot be formally excluded, it does not contribute significantly to our observations. On the other hand, integrins have been reported as a target of H 2 O 2 (de Rezende et al., 2012) , which may thus be quickly consumed when a migration-inducing PDGF signal is applied. This fact could contribute to the shape of the observed internal gradient, as explained later. The asymmetric ROS profile we measured is consistent with a model assuming (1) local ROS production varying linearly with the external PDGF concentration (2), free diffusion of H 2 O 2 in the cytoplasm, and (3) degradation proportional to [H 2 O 2 ] (Supplemental Information). The amplitude of the internal gradient is thus determined by the ratio between the degradation kinetics constant, k, and the ROS diffusion coefficient, D ROS (Supplemental Information). The absence of attenuation in the translation ( Figure 4D ) of the external signal into ROS concentration in the cytoplasm indicates that HeLa cells operate in a regime where degradation is faster than diffusion.
Qualitatively, the persistence of an intracellular gradient indicates that ROS degradation is a fast process compared to their diffusion, in order to maintain a profile matching the PDGFR activation profile by external PDGF. We can model this effect through a simple reaction-diffusion equation (Supplemental Information). If we assume that ROS degradation is mostly stimulation and cell independent and use the experimentally determined value of the ROS degradation rate, k, for VSMCs under ET-1 stimulation, we find that D ROS should be <10 mm 2 , s À1 (Supplemental Information). This result indicates either the existence of mechanisms hindering H 2 O 2 diffusion in the cytoplasm, possibly due to the presence of scavengers or transient interactions with molecular partners, or that the ROS degradation pathway is modified in HeLa cells, leading to a fast ROS degradation. This second mechanism could result from peroxiredoxin upregulation, which was observed in some cervical tumors (Kim et al., 2009), or from an increased ROS consumption in migration controlling pathways. Our measurements indicate the existence of a functional asymmetric ROS production, but the physiological role of the cytosolic H 2 O 2 gradient remains unclear. It is indeed unknown if this gradient directly controls effector activation or if it only reflects an asymmetric signaling located in subdomains at the cell membrane. Although our results indicate that PDGFRs are not confined in microdomains in our system, it has indeed been revealed that membrane-associated peroxiredoxins may be inactivated by phosphorylation due to PDGF or EGF stimulation and thus cause a local H 2 O 2 accumulation in the vicinity of membrane subdomains (Woo et al., 2010) . This has led to the hypothesis that signaling, notably, protein tyrosine phosphatase (PTP) oxidation, occurs only at membrane-associated signaling sites.
Although transient association of PTPs with PDGFRs has been demonstrated (Meng et al., 2002) , the localization of H 2 O 2 -targeted PTPs has not been shown to be exclusively associated to membrane microdomains. In particular, microtubule association of PTPs has been shown to be regulated by EGFR activation (Sines et al., 2007) . In addition, micromolar concentrations of H 2 O 2 , comparable to the cytosolic concentration detected in our experiments, are known to inactivate PTPs (Denu and Tanner, 1998) . Moreover, we argue that fast ROS degradation compared to ROS diffusion dynamics is essential to maintain a gradient likely to elicit a migration response. Therefore, it is unlikely that all signaling events occur in domains where peroxiredoxins and ROS degradation are inactivated, unless these domains are sparsely distributed and isolated from each other.
Compartmentalization of peroxiredoxin activity might thus contribute to shape the intracellular ROS profile and the response asymmetry, but cytosolic ROS profile is likely to be physiologically essential, notably for cytoskeleton-associated PTPs (Sines et al., 2007) . More probably, the cell response is both regulated by signaling in high ROS concentration membrane-associated subdomains and by the cytosolic ROS concentration, resulting from signaling at the membrane. This is consistent with Ca 2+ -controlled chemotaxis systems in which localized Ca 2+ influxes contribute to shape a cytosolic gradient that regulates the migration response (Henley et al., 2004; .
In most chemotactic systems, the enhancement of reliability and sensitivity relies on local (asymmetric) excitation/global inhibition mechanisms (Iglesias and Devreotes, 2008; Franca-Koh and Devreotes, 2004) . In these systems, the external gradient is amplified due to the fact that only regions where the stimulation is high can produce a sufficient quantity of second messenger to overcome the inhibition acting on the whole cell. The model we propose here differs by assuming a degradation rate proportional to the local ROS concentration and a linear response to receptor activation, which leads to the absence of amplification in contrast with other chemotactic systems Ueda et al., 2001; Servant et al., 2000) . The gradient persistence is thus only the result of the balance between intracellular diffusion, which tends to homogenize intracellular ROS concentration, and degradation, which leads the ROS concentration to follow the activation profile. This system has thus analogies with the model developed to explain the polarization of budding yeast expressing activated Cdc42, where the balance between endocytosis and membrane diffusion regulates cortical polarity in a similar way (Marco et al., 2007; Slaughter et al., 2009) .
SIGNIFICANCE
Altogether, these results support the hypothesis that the formation and maintenance of a second-messenger (ROS) concentration profile is controlled by a three-step mechanism: (1) activation, (2) intracellular diffusion, and (3) degradation. The activation step differs notably with the type of stimulation, and its kinetics is determined by the properties of membrane receptors. It provides either temporal filtering of the external signal due to slow diffusion limited dimerization, in the case of PDGF, or a direct transduction in the case of ET-1.
The balance between diffusion and degradation is responsible for the shape of the internal gradient (Postma and Van Haastert, 2001 ). The tuning of these processes (by modulation of the receptor expression or of the degradation enzyme activity, for example) may thus be sufficient to produce different ROS spatiotemporal patterns to adjust the cell response in physiological or pathological contexts and may constitute an efficient mechanism of dynamic adaptation.
From a methodological point of view, we developed methods that simultaneously control the local chemical environment and locally probe intracellular chemical reactions controlling the cell response by the combination of microfluidics and single nanoparticle imaging. This approach is general and may be applied to the numerous systems in which ROS signaling is involved and become a central tool to dissect pathways with spatial and temporal resolution. Based on these results, we propose an added insight into the spatiotemporal regulation of intracellular ROS concentration by revealing the mechanisms controlling H 2 O 2 kinetics and intracellular localization in the PDGF pathway. Although we demonstrated these features in the specific case of PDGF, these results are likely to have broader implications in cell signaling and constitute a framework for the dynamic building of subcellular responses.
EXPERIMENTAL PROCEDURES
Cell Culture VSMCs were isolated from collagenase-treated aortas of male C57BL6 mice (10-14 weeks old). HeLa cells and VSMCs were cultured in Dulbecco's modified Eagle's medium (Invitrogen) and RPMI medium (Invitrogen) respectively, supplemented with 10% and 20% fetal calf serum, respectively, at 37 C in an atmosphere containing 5% CO 2 . Cells were plated on glass coverslips 48 hr (HeLa) or 72 hr (VSMCs) prior to experiments and serum deprived overnight before experiments. All nanoparticle experiments were performed in HBSS-HEPES observation medium, pH = 7.4. EGFR and PDGFR phosphorylation inhibition were achieved, respectively, by treating cells for 30 min at 37 C with 500 nM AG1478 (Merck) or with 500 nM AG1295 (Merck) before experiments and then mounted in observation medium containing the same inhibitor concentration.
Imaging
For all experiments, Y 0.6 Eu 0.4 VO 4 nanoparticles synthesized as described elsewhere ) (Supplemental Information) were internalized by pinocytosis and photoreduced until a steady-state situation was reached, using an excitation intensity of 1.6 kW/cm 2 at 466 nm for 250 s and illuminated for 300 s at 0.3 kW/cm 2 without stimulation to ensure the stability of the luminescence. Oxidant detection was then performed (0.3 kW/cm 2 , integration time = 2.8 s). As demonstrated elsewhere , no additional lethality was induced by the presence of nanoparticles in the cytosol, and NOx inhibition by apocynin causes the absence of ROS production. We also checked with trypan blue labeling that a large majority of cells were unaffected by the full experimental sequence (nanoparticle photoreduction and subsequent observations) (Casanova et al., 2009).
H 2 O 2 Concentration Determination
Determination of ROS concentration was performed as explained elsewhere ) (Supplemental Information; Figure S1 ). Briefly, we fitted the luminescence signal of intracellular single nanoparticle emission spots with a two-dimensional Gaussian to determine the total signal. The spatial resolution of these measurements is the localization accuracy of single nanoparticles; in our case, about 30-40 nm. The nanoparticles seem to be trapped in the dense cytosolic environment and move less than 1 mm during the whole experiment ( Figure S1 ). Their signal thus reflects the ROS concentration at their specific location. Note that the steady-state H 2 O 2 concentration before stimulation is on the order of 10 À7 mM (D'Autré aux and Toledano, 2007), which is below our detection limit. We thus detected the concentration produced on external stimulation. For homogeneous stimulation, this signal does not vary significantly for different particles ) ( Figure S1 ). The signal is averaged for typically five to ten nanoparticles in each cell and is then averaged for independent experiments on different (three to five) cells. Then, by using this average signal and its first temporal derivative, we computed through the calibration table presented in the Supplemental Information ( Figure S1 ) ) the concentration profile as a function of time, which was then fitted by a saturating power law,
to determine the characteristic time of the oxidant response for PDGF, or with an exponential for ET-1. We determined the H 2 O 2 concentration with a typical 0.5 mM accuracy for a single nanoparticle (due to interparticle variability; Casanova et al., 2009) The error indicated in the text for the average response is thus mostly due to intercellular variations, which are typically of the order of 1 mM. As reported elsewhere , no signal was detected in the absence of stimulation, and external H 2 O 2 stimulation was efficiently detected by internalized nanoparticles. We have furthermore shown by several control measurements that the oxidant responsible for the luminescence signal recovery on PDGF or ET-1 stimulation is H 2 O 2 in our experiments (Supplemental Information) ).
Microsystem Fabrication and Use
Master molds were made by lithography of UV-sensitive solid film (Eternal) and polydimethylsiloxane (PDMS) with 10% curing agent (Dow Corning) was poured in the mold and baked at 75 C for 1 hr. Microsystems (height, 50 mm;
width, 1,000 mm) were sealed by bonding 30 s air-plasma-treated PDMS on a glass coverslip and then treated by air plasma for 1 min to ensure sterility and wettability. Cells at high concentration (10 6 cells per milliliter) were then injected in the microsytem, which was covered with culture medium. A permanent gradient on the T axis was created by injecting HBSS-HEPES in the first branch of the T junction and 10 ng , ml À1 PDGF in HBSS-HEPES in the second branch with the same flow rates. No significant motion of the cells was observed during the experiment duration in these conditions. However, cell migration was induced by such PDGF gradients in HEPES-buffered minimum essential medium (Sigma-Aldrich) supplemented with 6 g , l À1 glucose and 10% fetal calf serum. We estimated the cell displacement by positioning the center of the cell (defined by a manually drawn polygon on a custom Matlab interface) before and after 2 hr of stimulation and measured an average migration speed of $5 mm , h À1 (ten cells, three independent experiments). Cells placed in similar conditions, but submitted to an identical 10 ng , ml À1 PDGF concentration in the two branches of the T junction, do not display any detectable oriented motion, i.e., present a displacement smaller than 1 mm (eight cells, three independent experiments). Cells for asymmetric ROS detection were chosen so that the approximate center of the cell is on the median axis of the channel about 2 mm after the T junction. In cases where selected cells are not at exactly 2 mm from the T junction, the flow rate was slightly adjusted so that the gradient on the cell was the same as expected 2 mm after the junction, with a flow rate of Q = 3 ml , min À1 , resulting in a typical shear stress of <0.1 pN/mm 2 . 
SUPPLEMENTAL INFORMATION

Supplemental Experimental Procedures
Nanoparticle synthesis
The nanoparticles are synthesized by salt coprecipitation as described in Ref [1] . An aqueous solution of 0.1 M Na 3 VO 4 is freshly prepared and its pH is adjusted between 12.6 and 13 with a 1 M NaOH solution. The same volume of a 0.1-M aqueous solution of (Y,Eu)(NO 3 ) 3 with the desired europium content (here the molar fraction was 40%) is then added dropwise using a peristaltic pump under vigorous stirring. The solution is left under stirring for 30 min until the pH is stabilized to 8-9. The solution is then purified by centrifugations (11400g, 20 min) and redispersions in pure water until its conductivity is below 100 μS.cm -1 . The obtained nanoparticles are coated by a thin silica layer that acts as a stabilizer as follows: one volume of an aqueous solution of sodium silicate 3% is added to one volume of as synthesized (Y,Eu)VO 4 nanoparticles with a concentration of 40 mM in vanadate ions. The resulting solution is left under stirring overnight and finally dialyzed against water until the conductivity is about 100 µS.cm -1 . Before using the nanoparticles for in vitro experiments or for internalization in cells, we performed size selection using centrifugation: 5 min at 2000 g (the supernatant was retained) followed by 30 min at 4000 g (the precipitate was retained) to eliminate aggregates or large nanoparticles and small nanoparticles, respectively.
ROS nanoprobe calibration
We performed a quantitative in vitro calibration of YVO 4 :Eu nanoparticle luminescence in response to H 2 O 2 as reported in Ref. [2] . We checked that addition of proteins or Ca 2+ ions in concentrations similar to those encountered in the cytosol do not modify the concentration calibration [2] . Nanoparticles were first spincoated at low density on a glass coverslip so that single nanoparticles can be imaged. After photoreduction by a 466 nm laser illumination (250 s, 3 kW.cm -2 ), H 2 O 2 at a controlled concentration was added to the solution and the nanoparticles were imaged for 400 s (0.3 kW.cm -2 ). The luminescence of single nanoparticles then follows an exponential law ( ) / (0) ( ) exp( ) ( )
concentration C . We have shown in Ref. [2] that the measurement of the instantaneous luminescence signal and of its first time derivative determines C ( Figure S1 ): the luminescence signal is first fitted by a generic power law function, from which the signal and its derivative are reliably extracted. These values are then used to determine the instantaneous concentration according to the calibration table ( Figure S1 ). This method results in a typical 30 s temporal averaging determined by the time required to reliably determine the signal derivative. Due to the single particle approach, the absolute measurement of C was possible without ratiometric methods, as it is commonly the case in experiments relying on the ensemble imaging of organic or proteic probes. The typical time resolution and concentration accuracy for the measurements based on a single nanoparticle imaging were respectively ~30 s and 0.5 µM. The spatial resolution is determined by the precision (localization accuracy) with which the position of the nanoparticle can be detected and is on the order of 30-40 nm. The localization of single nanoparticles is performed through a custom-made algorithm implemented with Matlab based on the detection of correlation maxima with the microscope Point Spread Function (PSF) and a subsequent Gaussian fit of the detected spots [3] . In our illumination conditions, this typically yields a 30-40 nm localization precision. ]=100 µM and only high concentrations were able to elicit a significant response ( Figure S2 ). The limited response to Fe 3+ ions may either be due to their weaker oxidant power than H 2 O 2 or to the reoxidation mechanism of YVO 4 :Eu nanoparticle. We indeed observed that defects and/or polycrystalinity were essential for oxidant detection: annealed nanoparticles are indeed largely insensitive to photoreduction and oxidation (unpublished data). The porosity of the nanoparticles may thus play an essential role to provide access to Eu 2+ , which might be impaired Fe 3+ ions might have difficulties to react with the Eu 2+ ions within the nanoparticle.
Response to oxidants
The application of apocynin -a NOx inhibitor or a ROS chelating agent, acting preferentially on H 2 O 2 rather than radial species [4] totally suppressed the nanoparticle oxidation in VSMCs submitted to a saturating PDGF concentration ( Figure S2 ). This demonstrates that the observed oxidant response is exclusively due to ROS, not to oxidating metallic ions such as Fe 3+ . We then demonstrated in Ref. [2] that NO-synthase inhibition had no effect on the luminescence signal in VSMCs cells ( Figure S2 ) submitted to the same PDGF stimulation. In addition, the cells studied here do not produce ClO -, which is only produced in specialized cells such as neutrophils [5] . Furthermore, the time response of the nanoparticles (~a few minutes) indicates that unstable species in living cells, such as OH .- [6, 7] do not contribute directly to their oxidation. We thus exclusively -though not specifically -detect H 2 O 2 in the cell cytoplasm. The mechanisms responsible for YVO 4 :Eu nanoparticle photoreduction or oxidation are not known precisely. Nanoparticle defects and/or porosity are however essential since annealed nanoparticles, with a higher degree of crystallinity, have largely diminished redox reactivity (unpublished data). (blue), to 100 µM Fe 3+ (black) and 1 mM Fe 3+ (red). Each curve was obtained by averaging the luminescence of 25 nanoparticles coated on a glass coverslip after photoreduction as described in the calibration section. The variations of luminescence after 15 min are respectively 2.00+/-0.02, 0.00+/-0.01 and 0.09+/-0.01. Right: Luminescence profile in response to 100 ng.mL -1 PDGF in VSMCs (red), in the presence of NO-synthase inhibitor L-NAME (blue) or in the presence of apocynin (black) [2] . The profiles are averages for 5 cells.
Nanoparticles do not perturb the ROS response
We verified that nanoparticle internalization had no detectable effect on the cells. First, no morphological changes were observed after internalization. Second, we probed the viability of cells (VSMCs) containing nanoparticles by a MTT test 18 hours after internalization. Pinocytosis without nanoparticles induced a ~50% lethality but no additional mortality was caused by the nanoparticles [2] . We furthermore chose cells with a maximal number of 10 nanoparticles, so that the quantity of consumed H 2 O 2 by the nanoparticles can be neglected compared to the total amount present in the cell. A typical cell of 10 µm radius producing 10 µM H 2 O 2 , contains a typical number of 2. The production is thus given by:
We assume that the degradation rate is independent of the production pathway and is thus the same as the one measured in ET-1 experiments =0.33 min -1 . By measuring we then extracted numerically the production rate shown in Fig. 1D .
We then assumed that the temporal evolution of the ROS production was due to the diffusive search of receptor monomers with diffusion coefficient before dimerization. We model this phenomenon by reducing it to a one-dimension problem, in which effective receptors averaging the position of the receptors in the y direction diffuse along the x direction. This can be treated by considering the diffusion of receptors initially at position (typical receptor/receptor distance) and absorbed in 0, where dimerization occurs. An effective receptor has a diffusion coefficient , since is the number of averaged receptors in the y direction. is the average distance receptors have to go through before dimerization and is thus , where is the size of the cell. When solving this problem using standard methods (space discretization and Rosenbrock method) with Matlab (Mathworks, Natick MA), the H 2 O 2 production rate can be best fitted by the values of =0.03 µm 
